Objectives-To study the load of selected organochlorine compounds in the blood of aluminiium foundry workers who use hexachloroethane as a degassing agent for aluminium and to measure some possible effects on internal organs. Methods-Plasma from nine male aluminium foundry workers with past experience ofuse ofhexachloroethane and 18 controls (two controls per exposed case) matched for residence, sex, age, and socioeconomic status was analysed for hexachlorobenzene (HCB), (P-HCB), and octachlorostyrene (P-OCS) with low resolution gas chromatography-mass spectrometry. Serum samples from the same subjects were analysed for standard kidney, pancreas, and liver function variables. Analysis of variance (ANOVA) with the triplets retained, a non-parametric test, and linear regression were used for the analysis. Results-A fourfold increase of mean P-HCB was found among the exposed subjects compared with the controls (313.1 v 66.9 nglg lipid; P<0.01; (ANOVA model)). For P-OCS this difference was even larger (54.6 v 0.7 nglg lipid; P<0.01).
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Results were still significant (P<0.05) with non-parametric testing. Within the exposed group there was a good correlation between the In P-HCB (r=0.80) and In P-OCS (r=0.91), respectively, with the cumulative number ofyears ofexposure to hexachloroethane. No significant difference in kidney, pancreas, or liver function was found between the two groups. Conclusions-Aluminium degassing with hexachloroethane may increase the body burden of selected organochlorine compounds as reflected by HCB and OCS measurements. With the inherent limitations of this investigation no signs of subclinical organ toxicity were found. Keywords: aluminium foundry workers; hexachloroethane; hexachlorobenzene; octachlorostyrene; biological monitoring; liver enzymes Hydrogen gas derived from ambient water vapour is easily dissolved in molten aluminium causing porosities and impaired mechanical properties in aluminium castings. Hydrogen degassing is therefore often necessary to improve the quality of the melt. Introduction of a gas free from hydrogen and water, particularly nitrogen or chlorine, into the molten aluminium removes most of the hydrogen by diffusion into the sparging gas bubbles.'2 Since the late 1930s hexachloroethane has been used as an inexpensive and simple means of introducing chlorine gas by plunging the chemical in tablets or as a crystalline powder to the bottom of the melt. This operation has been considered an efficient and safe way of aluminium degassing3 but considerable amounts of irritating fume are produced. ' Early studies of the contents of the fumes from hexachloroethane based aluminium degassing gave no reasons for serious concern and besides aluminium chloride and hydrochloric acid only minor emissions of chlorine gas and phosgene were found. 5 More recent work, however, indicates that this technology invokes more complex reactions including the formation of higher organochlorine compounds, hexachlorobenzene (HCB) and octachlorostyrene (OCS) in particular,"8 with a yield of 4.3-5.0 kg HCB per metric tonne of hexachloroethane used. For OCS the corresponding figure is about 0.8 kg per tonne hexachloroethane.8 Polychlorinated dioxins and dibensofurans have also been found in the emissions but at considerably lower concentrations.8 Hexachlorobenzene and OCS are chemically and toxicologically closely related substances capable of inducing hepatic porphyria in experimental animals9"12; HCB also in humans.'3-'5 Moreover, HCB is an experimental carcinogen and possibly also carcinogenic in humans although the epidemiological evidence is weak.'6"' However, a case of hepatocellular carcinoma in a foundry worker exposed to the fumes of hexachloroethane based aluminium degassing has been described.'8 Recently, a cluster of thyroid neoplasms, soft tissue sarcoma, and brain neoplasms in male inhabitants of a Spanish village was associated with environmental contamination of HCB and other organochlorine compounds emitted from a neighbouring factory producing chlorinated solvents. '9 The discovery in the 1980s of HCB in the emissions from hexachloroethane based aluminium degassing stimulated prompt actions from the Swedish industry involved, and at the time of the present study this chemical had been withdrawn from the domestic market for some time. However, hexachloroethane is still being used elsewhere for example, in the United Kingdom"-and because of the potentially serious long-term health effects of this degassing technique a pilot monitoring study of HCB and OCS in the blood of workers previously exposed was still considered appropriate. The results are reported here.
Material and methods Nine male smelter workers from six aluminium foundries (five sand casting and one gravity die casting foundry) in central and south eastern Sweden were invited to participate in the study, which took place in 1992. The workers were selected by the local management on the basis of their previous experience with hexachloroethane-that is, they had been directly involved in the degassing procedure. For each exposed case two local controls matched for sex, age (±5 years), and socioeconomic status (blue collar workers) were also selected, normally by the local occupational health nurse. With two exceptions the controls were employed at the same company as the cases but they worked in buildings separated from the smelter department with which they had only occasional contact.
Informed consent was obtained from the nine cases (median (range) age 50 (26- The proportion of current and former smokers (stopped smoking at least six months before investigation) was 67% and 11% respectively, among the exposed subjects versus 22% and 28% among the controls.
The study was approved by the medical research ethics committee at Orebro County Council (decision No 182/92).
PLASMA ANALYSIS OF HCB AND OCS
Five ml of plasma were pipetted into a Teflon centrifuge tube to which 2.5 ml of methanol was added, and the tube was vortexed for 15 seconds. The denatured plasma was extracted with 6.25 ml n-hexane/diethyl ether 1:1 (v/v) by agitation for 10 minutes. The tube was centrifuged for five minutes at 3000 rpm and the organic layer was transferred to a tarred glass container. The extraction procedure was repeated twice and the combined organic extract was evaporated to dryness.
The fat residue was separated gravimetrically and then resolved in 1 ml n-hexane. The solute was put on a 10 mm internal diameter glass column with a 50 ml reservoir packed with 10 mm anhydrous sodium sulphate, 1 g neutral silica gel, 4 g sulphuric acid impregnated silica gel, 2 g basic silica gel, and 10 mm anhydrous sodium sulphate. The column was eluted with 60 ml 20% methylene chloride in n-hexane. The eluant was collected and evaporated to about 1 ml and caution was taken to prevent the extract from going to dryness. One nanogram '3C,,-PCB IUPAC no 101 was added as external standard and 30 ,l of tetradecane was added as keeper solution. A gentle stream of nitrogen was applied to concentrate the sample just to dryness. A 1 ,ul sample was analysed on a Hewlett Packard-5890 gas chromatograph equipped with a capillary column (DB-5, 60 m, internal diameter 0.32 mm) coupled to a VG70SQ magnet sector instrument (VG Analytical, Manchester, UK) running in EI+/SIR mode, low resolution. Gas chromatography injection temperature was 230°C. The initial column temperature of 160°C was held for two minutes, then programmed to 300°C at 10°C/min and held for five minutes. '3C6-HCB, 99.9%, spiked to the sample before extraction was recovered to 70%-90%. Measurement of HCB and OCS was carried out with 12C6-HCB and 12C8-OCS standards. The results were adjusted for the recovery of "3C6-HCB. The detection limit of the analytical method was 0.8 ng/l for HCB and 0.6 ng/l for OCS. The HCB and OCS concentrations were adjusted to the lipid content of the plasma determined according to Burse et al. 22 All solvents used were distilled in glass (Burdick and Jackson, Mississauga, Ontario, Canada). Laboratory chemicals were of analytical grade. Column chromatography material (silica gel, sulphuric acid impregnated silica gel, and basic silica gel) were prepared as described by Smith et al.23 2C6-HCB and 12C8-OCS were purchased from Referensmaterial AB, Ulricehamn, Sweden, and "C,2-PCB IUPAC no 101 and "C6-HCB were obtained from Larodan Fine Chemicals AB, Malmo, Sweden.
Several aliquots of a pooled sample of reference plasma were analysed during the period of the study. The results obtained from a series of seven separate runs had a coefficient of variation of less than 5%.
EXPOSURE ASSESSMENT
From the questionnaires and from interviews with the smelters as well as figures on historical hexachloroethane consumption obtained in an earlier survey several estimates of cumulative exposure to hexachloroethane were calculated. The calculations were conducted blind from the results of the plasma analyses. The estimates were total duration of employment as a foundry worker, duration of employment as a smelter, duration of exposure to hexachloroethane while employed as a smelter, cumulative amount of hexachloroethane used at each foundry, and the consumption of hexachloro- ethane during the last year ofhexachloroethane practise."4 However, it should be noted that all participating foundries had stopped using hexachloroethane for aluminium degassing some two to four years before this investigation.
STATISTICAL METHODS
Differences between the exposed and the control workers were investigated by analysis of variance (ANOVA). In the analysis the nine triplets, each with one case and two controls, were regarded as a random factor (nine different levels) and exposure as a fixed factor (two different levels The relation between plasma HCB (P-HCB) and plasma OCS (P-OCS)(logarithmic values) with the years of exposure to hexachloroethane was analysed by linear regression applied on the nine triplets. The dependent variable was the difference in logarithmic value between the exposed subject and the mean of the individually matched controls. The difference was regressed on the duration of exposure to hexachloroethane during employment as an aluminium smelter worker. Figure 1A shows that the P-HCB concentration varied considerably among the nine exposed subjects with the matching retained. There was no difference between exposed subjects and controls in four ofthe triplets whereas in the remaining five triplets this difference was clearly seen. On a group basis there was a fourfold increase of the mean P-HCB concentra- tion among the exposed compared with the control subjects (table 1) . The P-HCB values were considered to be roughly log normally distributed and after log transformation the difference between the exposed subjects and the controls was significant (P=0.002). For OCS, the difference in P-OCS between exposed subjects and controls (triplets retained) was similar ( fig 1B) . The mean for the exposed group was more than 75 times higher than that of the controls (P=0.003 after log transformation) (table 1) . The non-parametric analysis gave similar results although with higher P values (P=0.030 and P=0.046, respectively).
Results
The highest correlation between the difference in In P-HCB for the foundry workers and their matched controls and the various estimates of cumulative exposure was obtained for the duration of exposure to hexachloroethane in work as an aluminium smelter (r=0.80; fig  2A) . A slightly higher correlation (r=0.9 1) was found for In P-OCS ( fig 2B) . For the entire study group there was an almost perfect linear relation between In P-HCB and In P-OCS (r=0.93).
In the analysis of standard variables of inner organ function the data from serum samples of one of the nine triplets were missing. Table 2 shows the mean values and the minimum and maximum values, separately for the exposed group and the controls. ANOVA modelling showed no significant differences between the two groups.
Discussion
Aluminium degassing with hexachloroethane may be one of the most ubiquitous and important sources of HCB and OCS to the general environment known so far, and the emissions of HCB in the United Kingdom alone have been estimated to reach some 3000 kg annually in the early 1990s.' In this study of exposed aluminium foundry workers the results indicate that aluminium degassing with hexachloroethane may also entail a considerable increase in the body burden of these biologically stable and toxic organochlorine compounds. These findings were obtained although some of the exposed subjects had only limited experience of this particular process, and a lag time of up to four years from the end of exposure to blood sampling was inevitable, suggesting that even higher concentrations of HCB and OCS would have been found given a more recent exposure. The half lives in humans for the organochlorine compounds of interest are probably very long albeit not very well known27
and backward extrapolation is a delicate task.
The selection of foundries for this study was based on information about the use of hexachloroethane for aluminium degassing obtained in a previous survey of most Swedish aluminium foundries-that is, the use of hexachloroethane had been positively identified and grossly measured by company officials. Obviously, details about the background of the workforce at each company had to be left to the judgement of the foundry officials who were asked to identify their smelters with the Triplet no Figure 1 Concentrations of (A) P-HCB and (B) P-OCS in aluminium foundry workers exposed to hexachloroethane for degassing (cases) and in controls. longest experience of hexachloroethane. To balance company influence, most controls were selected independently by local occupational health nurses.
The assessment of exposure was hampered by the lack of adequate measurements of HCB or other organochlorine compounds originating from aluminium degassing with hexachloroethane before the end of exposure. Specifically, there were no longitudinal exposure data. In an orientating investigation at one of the foundries included in the present study some years earlier, a time weighted average HCB concentration of 0.010 mg/m3 was obtained, whereas area measurements varied widely.8 Figure 2A+B shows that the P-HCB and P-OCS concentrations increase exponentially with duration of exposure to HCE as the logarithmic values of these variables showed a linear increase with duration of exposure. This could possibly be explained by a combination of higher exposures group.bmj.com on April 5, 2017 -Published by http://oem.bmj.com/ Downloaded from metabolic pathways. 29 The metabolism of OCS is less well characterised, specifically in humans. In rats, however, pentachlorophenyl dichloroacetic acid has been identified as the main metabolite,"0 whereas the half life of OCS in rainbow trout liver, as estimated from preliminary data, was nearly twice as long as for HCB."
With the standard variables for hepatotoxicity used in the analysis of the serum samples no significant difference was found between the exposed foundry workers and the controls. For the other routine analyses both groups had similar and normal values. The limited size of the study population and the historical exposure of interest preclude general conclusions but within the scope of the present study no evidence of subclinical organ toxicity was found. Sweden has no occupational exposure limits or biological exposure indices for HCB or OCS. However, in Germany a BAT (Biologischer Arbeitsstoff-Toleranz-Wert) value for HCB in plasma or serum of 150 jg/l (about 145 ppb) has been established.32 Even the highest P-HCB value in the present study (8.6 ppb, unadjusted for lipid content) was well within the German BAT value and the absence of systemic effects may thus be regarded as consistent with this standard.
In the statistical analysis the matching of exposed cases and controls was retained. This should increase the power of the test. However, the data set was small and the distributional properties of the main outcome variables, P-HCB and P-OCS, were far from a normal distribution. With logarithmic transformation a better, but still not perfect, compliance with the normality assumption was accomplished. An additional non-parametric method for which no specific distributional assumptions had to be fulfilled gave similar results.
Exposed subjects and controls differed in smoking habits: 78% of the exposed group were smokers or ex-smokers versus 50% for the controls. However, tobacco smoke is not reported to be a major source of organochlorine compounds3" and the differences found in the present study are not likely to be explained by differences in smoking behaviour. Moreover, background exposure to most stable organochlorine contaminants is thought to be alimentary'435 and the matching of controls by socioeconomic status and residency was considered to be sufficient proxies for habits in food consumption given the exploratory nature of the study. However, as no detailed food history was collected, the possibility of systematic differences between the groups cannot be excluded but it seems unlikely.
The increased concentrations of HCB and OCS still found in the plasma of aluminium foundry smelters years after the end of exposure and the relatively simple and cheap analytical method applied here indicate that both substances could be succesfully used for biological monitoring in settings where hexachloroethane is used for aluminium degassing. The background concentrations of HCB, however, are higher than for OCS and the contrast between exposed cases and controls was more obvious for OCS suggesting that it would be the primary choice. However, steps have already been taken by the European Union to phase out HCE as a light metal degassing agent within the next few years,2036 mainly for environmental reasons, but biological monitoring of organochlorine compounds in aluminium foundry workers may still be useful elsewhere.
In view of its potential human toxicity, additional attempts should be made to document this occupational and environmental exposure to biologically stable and toxic organochlorine compounds. In Scandinavia this seems no longer feasible but circumstantial evidence indicates that hexachloroethane is still used for degassing elsewhere within the European Union and in other parts of the world. The chemical also remains as an additive to so-called grain refining reagents for light metal castings. " It is concluded that aluminium degassing with hexachloroethane may increase the body burden of HCB and OCS and possibly other organochlorine compounds, but additional studies in larger and more recently exposed populations should be undertaken before an adequate asessment of risk to human health can be made. 
